S
leep apnea syndrome (SAS) is an important risk factor for several cardiovascular diseases. 1 In addition, intermittent hypoxia attributed to SAS has been suggested to have a role in the development of left ventricular (LV) remodeling. 2, 3 Oxidative stress, inflammatory cytokines, and transforming growth factor-␤ (TGF-␤) have been reported to play important roles in the progression of LV remodeling, 4 which is accompanied by hypertrophy of cardiomyocytes and an increase of interstitial fibrosis. Plasma levels of tumor necrosis factor-␣ (TNF-␣) and interleukin-6 (IL-6) are elevated in patients with SAS, 5, 6 indicating a relationship between the inflammatory response and intermittent hypoxia.
Chymase is one of the enzymes that produces angiotensin II (Ang II) and is a chymotrypsin-like serine protease that is abundant in the secretory granules of mast cells. 7 In patients with heart failure, the cardiac mast cell density is markedly increased, and chymase might play a role in the development of several cardiovascular diseases. 8, 9 Chymase usually exists as an inactive form in the secretory granules of mast cells, and it is activated after release in injured tissues. 10 -12 Therefore, chymase inhibitors may suppress Ang II production by activated chymase in injured tissues and may exert this pharmacological action.
SAS patients are known to have high plasma levels of Ang II and aldosterone, 13 and hypoxic stress has been shown to increase the circulating level of Ang II. 14 We reported previously that hypoxic stress induced LV remodeling and increased oxidative stress in mice, whereas these changes were suppressed by angiotensin receptor blocker therapy. 15 Therefore, an increase of Ang II expression because of intermittent hypoxic stress seems to promote cardiac remodeling by acceleration of oxidative stress. In addition, cardiac chymase promotes fibrosis by activating the production of TGF-␤ 16, 17 and inflammatory cytokines. 18 In the present study, we evaluated the role of chymase in the development of LV remodeling attributed to intermittent hypoxia in mice, using a specific chymase inhibitor (NK3201) that inhibits chymase in a competitive and reversible fashion. 19 -22 
Methods

Drug
The specific chymase inhibitor 2-(5-formylamino-6-oxo-2-phenyl-1,6-dihydropyrimidine-1-yl)-N-([3,4-dioxo-1-phenyl-7-{2-pyridyloxy}]-2-heptyl) acetamide (NK3201; Nippon Kayaku) was synthesized. 21 
Animals
Male C57BL/6J mice were used at 9 weeks of age. The animals were housed in a room with a 12-hour light/dark cycle and were allowed free access to food and water. The experimental protocol and methods of animal care during the experiments were approved by the experimental animal research committee of Osaka University of Pharmaceutical Sciences, and all of the studies were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Experimental Protocol
Mice were divided into 2 groups and were placed into chambers that delivered intermittent hypoxia (30 seconds of 4.5% to 5.5% O 2 followed by 30 seconds of 21% O 2 for 8 h/d during the daytime) or were housed under normoxic conditions for 10 consecutive days. The duration and severity of intermittent hypoxia were determined from our previous study. 23 The hypoxic and normoxic animals were divided into 2 groups, each of which were treated with vehicle or the chymase inhibitor NK3201 (10 mg/kg per day, PO). As we have reported, that treatment with a dose from 1 to 30 mg/kg of NK3201 is useful for chymase inhibition, we chose the dose of 10 mg/kg per day in the present study. 19 After the 10-day experimental period, cardiac catheterization was done under IP anesthesia with pentobarbital sodium (40 mg/kg). The right ventricular systolic pressure (RVSP) and LV systolic pressure were measured by the method published previously. 23 After blood sampling for the measurement of lipid peroxide (LPO), the heart was excised, and the upper half was used for light microscopic examination. The free wall of the LV myocardium was excised for histological examination, reverse-transcription PCR, and the measurement of chymase, angiotensin-converting enzyme (ACE), and NADPH oxidase activities. All of the procedures were performed in accordance with our institutional guidelines for animal research.
Enzyme Activity
LV extracts for measurement of chymase and ACE activities were prepared as described previously. 24 Chymase and ACE activities were measured using synthetic substrates, Suc-Ala-Ala-Pro-Phe-4-methylcoumaryl-7-amide and hippuryl-His-Leu, respectively. 24 Protein concentrations were assayed with BCA Protein Assay Reagents (Pierce).
Histological Study
The top half of each heart was fixed in 10% formaldehyde, embedded in paraffin, and cut into 4-m sections. The shortest diameter of each nucleated cardiomyocyte was measured by the method published previously. 25 After staining with Sirius red, color images were taken of 5 randomly selected high-power fields (ϫ200) on 5 sections per animal, and the percentage of collagen volume was calculated. 15 Sections stained with truidine blue were obtained to evaluate mast cell infiltration, and fine structure was examined under an electron microscope (model H-7650, Hitachi). 26 
Immunohistochemistry for 4-Hydroxy-2-Nonenal and Ang II
The sections cut from the paraffin blocks were incubated with a monoclonal antibody directed against 4-hydroxy-2-nonenal (4-HNE; No. MHN-20, Japan Institute for the Control of Aging) or with a polyclonal antibody targeting Ang II (IgG Corp). 23 The percentage area of 4-HNE and Ang II staining was measured by the method reported previously. 27 
NADPH Oxidase Activity
NADPH-dependent superoxide production was measured by a lucigenin-enhanced chemiluminescence assay. 15, 28 The lucigenin concentration in the final reaction mixture was 5 mol/L, and NADPH-dependent superoxide production was expressed as relative light units per minute per milligram of protein.
Quantitative Real-Time Reverse-Transcription PCR
Total RNA was extracted from heart tissues with an RNeasy Mini Kit (Qiagen). Real-time quantitative PCR was done by the method published previously. 23 The amount of target mRNA obtained was evaluated by comparison with GAPDH mRNA expression.
Statistical Analysis
Data were expressed as the meanϮSEM. Statistical analysis was done by using 1-way ANOVA, followed by Fisher's protected least significant difference multiple comparison tests. Significance was recognized at PϽ0.05.
Results
Heart and Body Weights
Intermittent hypoxic stress tended to decrease the body weight (BW) and increase the heart weight (HW), leading to an increase of the HW:BW ratio, whereas this change was significantly suppressed by treatment with NK3201 (Table) .
Hemodynamic Measurements
RVSP was significantly increased in mice exposed to intermittent hypoxia, whereas this change was suppressed by NK3201. There were no significant differences in LV systolic pressure among the 4 groups (Table) .
Enzyme Activity
Intermittent hypoxic stress significantly increased both chymase and ACE activities in LV myocardium. Treatment with NK3201 significantly suppressed chymase activity but not ACE activity. Chymase and ACE activities in the normoxic group were not altered by NK3201 treatment (Table) .
Histological Findings
Intermittent hypoxic stress caused disarrangement of myofibers and hypertrophy of cardiomyocytes. The mean cardiomyocyte diameter was significantly increased in mice exposed to intermittent hypoxia, whereas this change was suppressed by treatment with NK3201 ( Figure 1 ). Perivascular fibrosis was significantly increased in the LV myocardium of mice exposed to intermittent hypoxic stress, which was significantly suppressed by treatment with NK3201 ( Figure 2 ). Infiltration of mast cells was observed in the vicinity of small arteries of LV myocardium. Hypertrophy of the smooth muscle of small arteries was also increased in mice exposed to intermittent hypoxic stress ( Figure 3 ). None of these degenerative changes induced by intermittent hypoxic stress were observed in normoxic mice or NK3201-treated mice.
Ang II Expression
Mild positive staining with Ang II antibody was observed in the coronary artery walls and in some of the cardiomyocytes of normoxic mice. Intermittent hypoxic stress led to an increase of Ang II expression in vascular smooth muscle cells and the cytoplasm of cardiomyocytes near the coronary arteries. These changes were significantly suppressed by treatment with NK3201 ( Figure 4 ).
NADPH-Dependent Superoxide Production
NADPH-dependent superoxide production in the LV myocardium was significantly increased by exposure to intermittent hypoxia, whereas this change was significantly suppressed by treatment with NK3201 ( Figure 5 ).
Plasma LPO and 4-HNE Expression
The plasma LPO level was significantly elevated in mice exposed to intermittent hypoxia. This change was suppressed by treatment with NK3201 ( Figure 5 ). Expression of 4-HNE protein, a specific product of lipid peroxidation and a marker of oxidative stress, was significantly increased in the LV myocardium by intermittent hypoxia. Treatment with NK3201 led to a significant decrease of 4-HNE protein expression ( Figure 6 ).
Reverse-Transcription PCR
Intermittent hypoxic stress significantly increased TNF-␣, IL-6, and TGF-␤ mRNA expression in the LV myocardium. Expression of IL-6 and TGF-␤ mRNA was significantly reduced by NK3201 treatment, whereas TNF-␣ mRNA expression tended to decrease ( Figure 7 ).
Discussion
Exposure to intermittent hypoxia for 10 days significantly increased RVSP, although there was no significant change in LV systolic pressure in any of the groups. We have reported previously that the effect of pulmonary hypertension on LV remodeling was minimal in animals exposed to continuous hypoxia for 3 weeks. 15, 29 Therefore, the elevation of RVSP observed in this study probably had little influence on LV remodeling. It has been reported that chymase inhibitors have a weaker antihypertensive effect than ACE inhibitors. 30, 31 NK3201 inhibits chymase activity by an IC 50 at concentrations of 2.5, 1.2, and 28.0 nmol/L, respectively, but ACE activity was not inhibited by concentrations Յ100 mol/L of NK3201. 19 In the present study, NK3201 had no effect on blood pressure, because chymase was not activated in the plasma 32 or because Ang II production by chymase in the vasculature was heterogeneous because of the short duration of our experiment. Monitoring the blood pressure during exposure to hypoxia and observation for a longer period should be performed in future studies.
Recently, several studies have suggested the involvement of chymase in the development of LV remodeling. 17, 18, 31 In the present study, perivascular fibrosis was markedly aug- mented in mice exposed to intermittent hypoxia, which was significantly suppressed by NK3201. Furthermore, NK3201 treatment normalized the increase of the HW:BW ratio and the mean cardiomyocyte diameter in mice exposed to intermittent hypoxia. We have not directly compared the presence and localization of chymase in the heart of mice with humans and other animals, so further examination should be planned. SAS patients are known to have increased plasma levels of Ang II, 13 and hypoxic stress has also been shown to increase Ang II. 14 In the present study, Ang II expression and chymase and ACE activities ere increased in the LV myocardium by exposure to intermittent hypoxia. Moreover, we confirmed that treatment with NK3201 reduced chymase activity and cardiac Ang II levels but not ACE activity. Thus, it might be that the beneficial effect of NK3201 on LV remodeling was at least partly attributed to a decrease of Ang II expression via inhibition of chymase activity in the LV myocardium. Evaluation of other enzymes, including cathepsin, might be the next issue in our experiment.
Expression of TNF-␣ and IL-6 mRNA in the LV myocardium was significantly increased by exposure to intermittent hypoxia, which was suppressed by NK3201. It has been suggested that chymase has a role in inflammation and induces inflammatory cell accumulation, whereas NK3201 has been reported to show an anti-inflammatory effect. 33, 34 Moreover, cardiac overexpression of TNF-␣ might cause LV remodeling, whereas a chymase inhibitor suppresses both LV remodeling and inflammation. 16 -18,35 Taken together with our results, the reduction of inflammatory cytokines by NK3201 treatment might be closely related to the suppression of LV remodeling. A B Figure 5 . A, Effect of intermittent hypoxic stress on plasma LPO levels. B, NADPH-dependent superoxide production. LPO and NADPH-dependent superoxide production were significantly increased in mice exposed to intermittent hypoxia. They were normalized by treatment with NK3201. Columns and bars represent the meanϮSEM (nϭ5 to 10). TGF-␤ has a major role in the tissue fibroinflammatory response. 36 It has been reported that overexpression of TGF-␤ enhanced extracellular matrix protein synthesis and led to cardiomyocyte hypertrophy. 37, 38 In the present study, expression of TGF-␤ mRNA in the LV myocardium was significantly increased by exposure to intermittent hypoxia, which was significantly suppressed by treatment with NK3201. Furthermore, intermittent hypoxia caused LV remodeling that was characterized by perivascular fibrosis and cardiomyocyte hypertrophy, whereas NK3201 treatment led to significant improvement of LV remodeling. Thus, chymase might play an important role in the development of intermittent hypoxia-induced LV remodeling via TGF-␤.
A B
Chymase is released from mast cells when tissue damage occurs, and mast cell degranulation is also stimulated in chronic inflammatory states, thus releasing various inflammatory mediators that include chymase. 39, 40 Infiltration and proliferation of mast cells have been reported to increase in failing hearts. 8, 41 In addition, TNF-␣ released from cardiac mast cells plays a crucial role in inducing IL-6 expression. 42 Mast cells also store TGF-␤ in intracellular granules and secrete it to be activated by chymase. 43 In the present study, infiltration of mast cells in the vicinity of small arteries of LV myocardium was observed, although the actual number of cells was small. It is possible that intermittent hypoxia might lead to the accumulation of mast cells, followed by increased secretion of chymase and accelerated LV remodeling. However, further studies, including quantitative analysis, 44 need to be done, with a focus on the role of mast cells in hypoxiainduced LV remodeling.
Oxidative stress is a potent stimulus of inflammation and TGF-␤ overexpression and is involved in LV remodeling by contributing to hypertrophy, apoptosis, and fibrosis. 45, 46 Recently, it was reported that inhibition of superoxide dismutase induced collagen production in cardiac fibroblasts. 47 Additional studies might clarify these discordant findings in the near future.
An increase of oxidative stress has been reported in patients and animals with heart failure. 27, 48 In the present study, the plasma LPO level, a marker of systemic oxidative stress, was significantly increased in mice exposed to intermittent hypoxia. In addition, intermittent hypoxia significantly enhanced NADPH-dependent superoxide production and 4-HNE expression in the LV myocardium. Treatment with NK3201 reduced oxidative stress, Ang II expression, inflammatory cytokine levels, and TGF-␤ mRNA expression in the LV myocardium and consequently suppressed the induction of LV remodeling by intermittent hypoxia. Thus, it can be suggested that intermittent hypoxia promotes oxidative stress via Ang II overexpression by activation of chymase, leading to the upregulation of inflammatory cytokines and TGF-␤, resulting in the development of LV remodeling. The precise mechanisms by which chymase causes oxidative stress still need to be elucidated. 49 In conclusion, chymase plays a crucial role in intermittent hypoxia-induced LV remodeling by increasing oxidative stress, at least partly through the upregulated expression of Ang II and inflammatory cytokines. Treatment with NK3201 might be potentially useful for preventing cardiovascular events in patients with SAS.
Perspectives
We demonstrated that a selective chymase inhibitor NK3201 improved intermittent hypoxia-induced LV remodeling, independent of any effect on systemic blood pressure. The beneficial effect of NK3201 might be related to a decrease of Ang II expression by suppressing chymase activation in injured tissue. All of the patients with SAS do not have accompanying hypertension. Therefore, chymase inhibition, unlike an angiotensin receptor blocker, could suppress only local Ang II via the chymase pathway, and this targeted inhibition of local Ang II might be a merit. Additional studies are required to compare the effect of chymase inhibition on intermittent hypoxia-induced LV remodeling with the effects of an ACE inhibitor and angiotensin receptor blocker.
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